Meeting the regulations based on the short-term leaching tests may not necessarily assure the environmental and human health safety of reusing mine wastes. This study investigated heavy metal leachability of four metal mine waste samples (e.g., Z, Y, H, and M) and human health risk of reusing them as construction materials. The heavy metal leachability did not depend on the total heavy metal contents. For example, the Z sample contained greater amounts of As and Fe than Zn, but the leachates contained only Zn at a detectable level. This can be attributed to the crystalline structure and heavy metal fractions of the mine wastes. The leaching test results suggested that the four mine waste samples are potentially reusable. But the Z and M samples reused in industrial areas imposed carcinogenic risks. This was largely attributed to As that is exposed via dermal contact. The Y and H samples reused in residential areas imposed carcinogenic risk. The major exposure route was the ingestion of crops grown on the mine wastes and Cr was the major concern. The two-stage assessment involving leaching tests and risk assessment can be used to promote safe reuse of mine wastes.
Introduction
Mine wastes generated during beneficiation of the extracted ore are often heaped and stored without any treatment near mining sites. These mine wastes are prone to metal leaching, which may often lead to acid mine drainage (AMD) generation, and this can cause environmental contamination near mining sites [1, 2] . The leachate generated from mine wastes can have impacts on surrounding environments and nearby residents due to their low pH and/or harmful heavy metal contents [3, 4] . Conventional treatment methods often involve post-treatment of the generated AMD from mine wastes or the contaminated water and/or soil by AMD [5] . Also, potentials for exposure of mine wastes to air or water and consequential oxidation of sulfide minerals such as pyrite (FeS 2 ) contained in mine wastes and AMD generation can be removed by covering mine wastes or by removing potential contaminants in mine wastes [6] .
The growing movement towards reusing and recycling of solid wastes is promoting research on beneficial reuses of mine wastes as well. One of the major environmental issues in mine waste reuse is leaching of various heavy metals contained in mine wastes, in particular, metal mine wastes. Heavy metal concentrations in the leachates from solid wastes in Republic of Korea are regulated based on the short-term leaching tests. However, meeting the regulations based on short-term leaching tests does not necessarily mean that it is safe to reuse mine wastes. The continuous release of leachates from mine wastes with higher metal contents may result in contamination of the surrounding soil environment. The soil impacted by mine wastes can have phytotoxicity [7, 8] and human health risk [9, 10] . Therefore, in order to promote the reuse of mine wastes, it is necessary to prepare a new framework that can assess the environmental and human health safety.
Heavy metal leaching from mine wastes is highly dependent on the proportions of silicate, acidic minerals, and organic matter that constitute mine wastes and the leachability of biogenic elements (K, Na, Cl -, NO 3 -) [11] . For example, leaching of heavy metals is likely to be lower for the mine wastes with lower sulfide mineral contents as the generation of acid that will dissolve heavy metals will be less [12] . The current regulation determines the reusability of solid wastes (e.g., mine waste) based on the contaminant concentrations in the leachates; however, mine wastes are not readily reused even though they satisfy the regulations. This study used the metal mine waste samples collected in different places of Republic of Korea to investigate the leachability of heavy metals, the ecological toxic effects of the leachates, and the human health risk of reusing the mine waste samples.
This study aims at providing a new framework that can promote the reuse of mine wastes, and a two-stage assessment method involving short-term leaching tests and human health risk assessment is suggested. This method can be used to determine the reusability of mine wastes considering both the current regulations on leachates and the information on human health risk, and promote the safe reuse of mine wastes.
Materials and Methods

Preparation of Mine Waste Samples
Mine waste samples were collected from an operating lead (Pb) and zinc (Zn) mine (hereafter referred to as Z mine, located in Gyeongsangbuk-do province, South Korea), two operating magnetite mines (hereafter referred to as Y mine and H mine, located in Gangwon-do province, South Korea), and an operating molybdenum mine (hereafter referred to as M mine, located in Chungcheongbuk-do province, South Korea). Mine wastes were sampled after the mineral dressing step, dried at room temperature, and sealed to reduce contact with air until the use.
Mine Waste Characteristics
The crystal structures of the mine waste samples were analyzed using the X-ray powder diffraction (XRD) (D8 Advance, Bruker, Germany). The United States Environmental Protection Agency (USEPA) 3052 method, a microwave-assisted acid digestion method for extracting residual elements in soil, was used to analyze total heavy metal contents in the mine waste samples [13] . Briefly, 0.5 g of each mine waste sample was placed in a mixture of 9 mL HNO 3 , 3 mL HF, 2 mL HCl, and 1 mL H 2 O 2 in a Teflon tube. The mine waste samples were dissolved by using a microwave (MARS 6 230/60, CEM, US), which was programmed to raise its temperature to 180°C within 5.5 min and then maintained at 180°C for 9.5 min. The samples were cooled down to room temperature, and the digested samples were filtered through 0.45 µm GHP syringe filters for further analysis. The sequential extraction procedure suggested by Tessier et al. [14] was used to identify metals bound to exchangeable fraction, bound to carbonate, and bound to Fe and Mn oxides. Briefly, 1 M MgCl 2 (pH 7), 1 M sodium acetate (pH 5.0 adjusted with acetic acid), and 0.04 M NH 2 OH·HCl in 25% acetic acid (v:v) were used to extract metals bound to exchangeable fraction, carbonate, and Fe and Mn oxides, respectively. The extracts obtained were filtered through 0.45 µm GHP syringe filters, and analyzed for arsenic (As), Pb, cadmium (Cd), Zn, copper (Cu), nickel (Ni), and chromium (Cr). The pH of the mine waste samples was measured using 5-star portable meter (Thermo Fisher Scientific) equipped with a pH probe (8102BNUWP).
Heavy Metal Leaching Tests from the Mine Waste Samples
The heavy metal leaching potentials from the four mine waste samples were tested using the Korea Standard Test Methods for Solid Wastes (hereafter, referred to as STM) provided by the Korea Ministry of Environment (KMOE) [15] . Briefly, 100 g of the mine waste sample, passed through a 2 mm sieve, was mixed with pH-adjusted distilled water (pH 5.8-6.3 with HCl) at a ratio of 1:10 (w:v). The mixture was shaken for 6 h at 200 rpm with 4-5 cm of amplitude (at room temperature), and then centrifuged at 12,000 g for 15 min. The heavy metal content of the filtered supernatant (0.45 µm GHP) was analyzed.
To determine the heavy metal leachability of the mine waste samples when they are exposed to acidic rainfall, the USEPA 1312 method (Synthetic Precipitation Leaching Procedure; hereafter referred to as SPLP), which was designed to simulate in-situ exposure of materials to slightly acidic rainfall, was used [16] . The mine waste samples, passed through a 9.5 mm sieve, were mixed with the leaching solution (i.e., distilled water with pH adjusted to 4.2 ± 0.05 using a mixture of H 2 SO 4 :HNO 3 at 60:40 (w:w)) at a ratio of 1:20 (w:v). The mixture was shaken on a rotary agitator (30 rpm, 23 ± 2°C) for 18 h, and then centrifuged at 12,000 g for 15 min. The supernatant was filtered through a 0.45 µm GHP syringe filter for analysis of its heavy metal content (As, Pb, Cd, Zn, Cu, Ni, iron (Fe), Cr).
Toxic Effects of Mine Waste Leachates
The acute toxicities of the leachates generated using the STM and SPLP were determined by using Daphnia magna (D. magna) as a test species. D. magna was exposed to the leachates for 24 h and 48 h in accordance with the acute toxicity test method described in the Korea Standard Test
Method for Water Quality [17] . The toxic unit (TU) was evaluated using the TOXCAL program (Tidepool Scientific Software, USA). Assuming that the leachates get to a nearby water system without considering dilution effect, the determined TU values were compared with the Korea Effluent Water Quality Standards [18] .
Human Health Risk of Reusing Mine Wastes
The in vitro bioavailability of heavy metals contained in the mine waste sampels was determined by using the stomach-phase extraction test developed by Solubility/Bioavailability Consortium (SBRC) [19] . Briefly, 1 g of the mine waste sample, passed through a 150 μm sieve, was mixed with 100 mL of synthetic gastric juice, which is 0.4 M glycine adjusted to pH 1.5 with HCl. The mixture was agitated (38°C, 200 rpm) for 1 h, and then centrifuged at 12,000 g for 15 min. The supernatant was filtered through a 0.45 µm GHP syringe filter for its heavy metal content analysis. The total heavy metal contents and the SBRC extracted heavy metal concentrations were then used to estimate the carcinogenic and non-carcinogenic human health risks, following the procedure described in the Soil Environment Conservation Act of Republic of Korea with modification [20] . Risk assessment was carried out assuming that the mine waste samples were reused in industrial and residential areas.
Heavy Metal Concentration Analyses
The concentrations of heavy metals/metalloids (i.e., Cr, Fe, Ni, Cu, Zn, As, Cd, Pb) in the extracts obtained from the total heavy metal content analysis and SBRC test and in the leachates obtained from the leaching tests were analyzed by using Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES) (ICAP 7400 DUO, Thermo Scientific, US 
Results and Discussion
Potential Contaminants in the Mine Waste Samples
The total heavy metal contents of the four metal mine waste samples are shown in Table 1 . The types and amounts of heavy metals contained in the different metal mine waste samples varied significantly depending on the types of mines (Table 1) . For example, the Pb and Zn contents of the Z mine waste sample were relatively higher than the other mine waste samples since the Z mine produces Pb and Zn ( Table 1) . The M and H mine waste samples contained relatively high concentrations of Fe than other heavy metals (Table 1) . Also, the Fe content was the highest in the Y mine waste as the Y mine produces magnetite ( Table 1 ). The major heavy metals contained in the mine waste samples were dependent on the metal each mine produces. The high heavy metal contents of the studied mine waste samples may limit the reuse of mine wastes, if they are released as leachates.
Heavy Metal Leaching from the Mine Waste and Leachate Toxicity
The high heavy metal contents of the mine waste samples do not necessarily mean higher leachability of heavy metals from the mine waste samples. The heavy metal concentrations of the STM and SPLP leachates generated from the mine waste samples and their toxic effects on D.
magna are shown in Table 2 . Generally, the heavy metal concentrations of the STM and SPLP leachates were lower than the detection limits ( Table 2) . With the detected heavy metals, their concentrations were lower than the regulation levels given in the Korea Waste Control Act that need to be met in order to reuse any waste materials (Table 2) . Only the STM and SPLP leachates from the Z mine waste sample contained a detectable level of Zn (Table 2) , although the amounts of the other constituents such as As and Fe were greater than that of Zn (Table 1) . Also, the SPLP leachate of the Y mine waste contained a detectable level of Fe ( Table 2 ).
The low heavy metal concentrations in the leachates can be attributed to the pH conditions of the leaching solutions. Heavy metal leachability at neutral or alkaline pH conditions is generally lower than that at acidic pH conditions [21] . The average initial pH of the leaching solution was 5.8 for the STM, but the final pH of the leaching solution was increased to 7.0 for the Z mine waste, 8.7 for the M mine waste, 8.9 for the Y mine waste, and 9.2 for the H mine waste. The increase in the pH of the leaching solution can be expected, as all the four mine waste samples contained CO 3 -or OH-bearing minerals, which can potentially contribute to the pH increases (Table 3) . Among the four mine waste samples, only the Z mine waste contained a sulfur-bearing mineral, pyrite, and the final pH of the Z mine waste leachate showed the smallest increase in the pH. This may be attributed to the generation of acid due to sulfur-bearing minerals such as pyrite [12] .
The heavy metal concentrations in the Z mine waste leachate did not depend on the total heavy metal contents of the Z mine wastes (Table 1 and Table 2 ), and this can be attributed to the crystal structures of the Z mine wastes ( Table 3 ). The Z mine waste contained higher amounts of As and Fe than Zn, but the leachate only contained a detectable level of Zn. Based on the crystal structure of the Z mine waste sample as shown in the As or Fe leachability, because the crystalline form is generally more stable than the amorphous counterpart, indicating that it requires a higher energy to break its chemical structure.
In addition, based on the Tessier's sequential extraction, the readily soluble amounts of Zn and As (i.e., the sum of the exchangeable and carbonate-bound fractions) were 1.6% and 0.29% of the total content (Table 4 ). This indicates that Zn is more readily dissolved than As. Overall, the crystalline structures and the heavy metal fractions are more likely to influence the heavy metal leachability from the mine waste than the total metal contents. Even though the heavy metal concentrations of the leachate from the mine wastes met the regulations, the combined toxic effects of trace amounts of heavy metals in the leachates could still exhibit toxic effects on aquatic organisms [22] . The toxic effects of the leachates on D. magna in TU were lower than the Korea Allowable Effluent Water Quality Standards for all the areas (TU<1 or <2) ( Table 2 ). All the four mine waste samples tested in this study satisfied the regulations on the leachates, indicating that they can be reused.
Human Health Risk Assessment for Workers in Industrial Areas Where the Mine Wastes Are Reused
The ingestion of soil is the major exposure pathway for heavy metal contaminated soils [23] , so the intake of mine wastes via oral ingestion can be considered as the major exposure pathway for workers at mine sites. In addition to this, the exposure through inhalation of fugitive dust can be considered. Carcinogenic risk (CR) and non-carcinogenic risk (i.e., sum of Hazard Quotient (HQ)
or Hazard Index (HI)) of each metal in mine wastes can be calculated using Eq. (1)- (7) considering an average daily dose (ADD) via ingestion and dermal contact or an average daily exposure (ADE) via inhalation and toxicity values [24, 25] . The input parameters and exposure factors used in risk calculation are shown in Table 5 . Previous studies reported that there is a linear relationship between the in vitro SBRC extracted As, Pb, and Cd concentrations and the in vivo relative bioavailabilities [26] [27] [28] .
Similarly, the SBRC extraction method was used to investigate the Zn bioavailability of the Zn contaminated samples [29] [30] [31] . Therefore, the SBRC extracted heavy metal concentrations were used to calculate the bioavailable fractions of heavy metals in the mine waste samples (i.e., FI in Eq. (1)). Table 6 shows the SBRC extracted heavy metal concentrations and the FI values of each heavy metal of each mine waste sample.
Carcinogenic risk is a probability of an individual developing cancer from carcinogenic hazards accounted for lifetime, and the acceptable range of carcinogenic risk is between 1.0E-06 and 1.0E-04. In addition, it is widely accepted that there is non-carcinogenic risk if HI is greater than 1.0E+00. The risk calculation results are shown in Table 7 . Among the four mine waste samples, only the Z mine waste and the M mine waste had risks. The Z mine waste had carcinogenic risk (i.e., CR value between 1.0E-06 and 1.0E-04) and non-carcinogenic risk (i.e., HI greater than 1.0E+00) ( Table 7) for workers at mining sites. Similarly, the M mine waste had carcinogenic risk with the CR value of 8.6E-06 (Table 7) . Among the heavy metals contained in the mine waste samples, As, Cd, Cr, Ni, and Pb contributed to carcinogenic risk, and As, Cd, Cr, Cu, Ni, Pb, and Zn contributed to non-carcinogenic risk. The carcinogenic risk exhibited by the Z and M mine waste samples can be attributed to As. The CR value of As in the Z mine waste was 8.8E-04, while the sum of the CR values for the other carcinogenic heavy metals (i.e., Cd, Cr, Ni, and Pb) in the Z mine waste was 6.6E-07. The high HI value of the Z mine waste can be attributed to As and Cd ( Table 1 ). The HQ values for As and Cd were 2.8E+01 and 1.7E+00, respectively, and these were relatively higher than the sum of the HQ values for the other noncarcinogenic heavy metals (i.e., Cr, Cu, Ni, Pb, and Zn), which was 6.9E-02. The high CR value of the M mine waste sample can also be explained by the relatively higher CR value for As, which was 8.4E-06. Also, among the three exposure routes considered in the risk calculation, the route considering the dermal contact with mine wastes was the major route for the carcinogenic risk for both the Z and M mine wastes. On the other hand, the human health risks calculated for workers at the Y and H mine sites showed that there is neither carcinogenic risk nor noncarcinogenic risk at the Y and H mine sites ( Table 7) . The CR values were lower than 1.0E-6 and the HI values were lower than 1.0E+00.
The results indicate that when the Z and M mine waste samples are reused in industrial areas, the workers at the mine sites who deal with the mine wastes or in the industrial areas where the mine wastes are reused are likely to have carcinogenic and non-carcinogenic risks largely due to
As in the mine waste samples via dermal contact. If the Z and M mine waste samples are to be reused in industrial areas, strategies that can prevent the dermal contact of the mine waste samples such as the use of protective clothing can be adopted for workers. Also, the bioavailable fraction of As and Cd in the Z mine waste sample and As in the M mine waste sample can be reduced by applying techniques such as immobilization. On the other hand, the Y and H mine wastes might be reused without imposing human health risks on the workers at mine sites or in the industrial areas where the mine wastes are reused.
Human Health Risk Assessment for Residents in Residential Areas Where the Mine Wastes Are Reused
The human health risks on residents in residential areas where the Y or H mine wastes are used as construction materials were calculated since the Y and H mine wastes did not impose carcinogenic or non-carcinogenic risks. For human health risk at residential areas, exposure through ingestion of crops grown on the mine wastes (i.e., worst case scenario) and exposure through ingestion of groundwater were considered additionally. Carcinogenic risk and noncarcinogenic risk of each metal in the mine waste samples can be calculated using Eq. (1)- (12) considering the ADD via oral ingestion, dermal contact, ingestion of crop, and ingestion of groundwater and the ADE via inhalation of fugitive dust [24, 25] . The input parameters and exposure factors used in risk calculation are shown in Table 5 . Table 8 shows the human health risks on residents in residential areas where the Y and H mine wastes are reused. The CR values for the Y mine waste reused area (i.e., 4.7E-06) and the H mine waste reused area (i.e., 6.8E-06) both exceeded 1.0E-6 indicating that there is a carcinogenic risk (Table 8 ). The major exposure route of heavy metals in the Y and the H mine wastes was the ingestion of crops grown on the mine wastes. The major contributor to the CR of the Y and H mine waste samples was Cr -the CR value for Cr in the Y mine waste sample was 4.2E-06, while it was 5.1E-06 in the H mine waste sample. However, this route assumed that the crops are grown on soil consisting of only the mine waste samples to simulate the worst case scenario, and this will not happen in reality. Also, the exposure via ingestion of mine wastes or inhalation of fugitive dust is unlikely if the mine wastes are reused as construction materials that do not have direct contact with residents. The Y and H mine waste samples did not impose noncarcinogenic risks on residents in residential areas ( Table 8 
Conclusions
The metal mine waste samples used in this study contained several heavy metals such as As, Cd, and Cr that can impose human health risks. However, the heavy metal concentrations in the leachates generated via the STM and SPLP showed that the heavy metal concentrations in the leachates did not depend on the total heavy metal contents of the mine wastes. This can largely be attributed to the crystal structures of the mine wastes. The leachates studied did not have toxic effects on D. magna. The leaching test-based assessment can be used to screen out the potentially reusable mine wastes from those that are not reusable. This can be followed by the risk assessment to assess the risk associated with reusing mine wastes in industrial or residential areas.
If the potentially reusable mine wastes do not impose any human health risks, then they can be reused. If the potentially reusable mine wastes may impose risks, then they can be discarded or they can be reused after preventing the major risk route and/or treating the heavy metal of concern. With this two-stage assessment method for mine wastes, the reusability of mine wastes can be determined, and this will contribute towards protecting environment and resources. 
